Successful ovulation requires elevated follicular prostaglandin E2 (PGE2) levels. To determine which PGE2 receptors are available to mediate periovulatory events in follicles, granulosa cells and whole ovaries were collected from monkeys before (0 h) and after administration of an ovulatory dose of hCG to span the 40-h periovulatory interval. All PGE2 receptor mRNAs were present in monkey granulosa cells. As assessed by immunofluorescence,
INTRODUCTION
Prostaglandins (PGs) produced by the ovarian follicle are essential for ovulation to occur [1] [2] [3] . In primates as well as in other mammalian species, the ovulatory surge of LH acts in large periovulatory follicles to stimulate granulosa cell expression of PG synthesis enzymes [4] [5] [6] [7] . Prostaglandin E2 (PGE2) has been identified as the key ovulatory PG in several mammalian species [8, 9] . Inhibition of prostaglandin synthesis by intrafollicular indomethacin injection prevented ovulation, whereas coadministration of indomethacin and PGE2 restored ovulation of monkey follicles, supporting a pivotal role for PGE2 in primate ovulation [9] .
The actions of PGE2 are mediated by four different receptors: PTGER1, PTGER2, PTGER3, and PTGER4 (also known as EP1, EP2, EP3, and EP4, respectively). These G protein-coupled receptors differ in their signal transduction pathways. PTGER1 is coupled with intracellular calcium ([Ca 2 þ]i) mobilization via Gaq activation [10, 11] . PTGER2 and PTGER4 are coupled with cAMP production via activation of Gas and adenylyl cyclase [12] . Differential splicing of a transcript from a single gene yields multiple isoforms of the PTGER3 receptor, which either activate adenylyl cyclase via Gas, inhibit adenylyl cyclase via Gai, or increase [Ca 2 þ]i via Gaq [11, 13] . The presence and function of these PGE2 receptors have been studied in a variety of tissues and species [11, 14, 15] . However, very little is known about PGE2 receptors in the primate ovary and, more specifically, in periovulatory granulosa cells.
Successful ovulation requires functional PGE2 receptors to mediate the ovulatory effects of PGE2. PTGER2 receptors clearly play a critical role in ovulation and fertilization in mice. PTGER2 mRNA expression was induced in cumulus granulosa cells by the ovulatory gonadotropin surge [16] . Mice lacking PTGER2 expression had a severe deficiency in cumulus expansion, decreased ovulatory efficiency, and decreased fertilization rates [17] [18] [19] . Mice lacking expression of PTGER1 and PTGER3 had normal fertility, whereas PTGER4 knockout mice were not viable, leading to the conclusion that only PTGER2 receptors play a critical role in rodent ovulation [20] . The expression of functional PTGER1 and PTGER2 receptors has been reported in human luteinizing granulosa cells [21] . While the essential role of PGE2 in primate ovulation is well established, the expression and function of PGE2 receptors in primate periovulatory granulosa cells has received comparatively little attention.
The objectives of this study were to 1) determine which PGE2 receptors are expressed by primate granulosa cells during the periovulatory period and 2) identify the PGE2 receptors that are able to generate an intracellular response to PGE2 late in the periovulatory interval, when increased levels of PGE2 are crucial for successful ovulation.
MATERIALS AND METHODS

Animals
Granulosa cells and whole ovaries were obtained from adult female cynomolgus macaques at Eastern Virginia Medical School (Norfolk, VA). All animal protocols and experiments were approved by the Eastern Virginia Medical School Animal Care and Use Committee and were conducted in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Animal husbandry and sample collections were performed as described previously [22] . Briefly, adult females with regular menstrual cycles were checked daily for menstruation; the first day of menstruation was designated Day 1 of the menstrual cycle. Blood samples were obtained under ketamine chemical restraint (5-10 mg/kg body weight) by femoral venipuncture, and serum was stored at À208C. Aseptic surgeries were performed in a dedicated surgical suite under isofluorane anesthesia and involved either midline laparotomy or laparoscopy.
A controlled ovarian stimulation model developed for the collection of multiple oocytes for in vitro fertilization was used to obtain monkey granulosa cells [23, 24] . Beginning within 3 days of initiation of menstruation, recombinant human FSH (90 IU daily; Serono Reproductive Biology Institute, Rockland, MA, and Organon Pharmaceuticals USA, Inc., Roseland, NJ) was administered for 6-8 days, followed by daily administration of 90 IU of recombinant human FSH plus 60 IU r-hLH (Serono) for 2-3 days to stimulate the growth of multiple follicles. The GnRH antagonist Antide (0.5 mg/kg body weight; Serono) was also administered daily to prevent an endogenous ovulatory LH surge. Adequate follicular development was monitored by serum estradiol levels and ultrasonography [25, 26] . Follicular aspiration was performed before (0 h) or 12, 24, and 36 h after administration of 1000 IU rhCG (Serono). In spontaneous menstrual cycles, follicle rupture in monkeys occurs approximately 40 h after the ovulatory gonadotropin surge [27] , so these times span the periovulatory interval. To obtain granulosa cells, each follicle was pierced with a 22-gauge needle, and the aspirated contents of all follicles larger than 4 mm in diameter were pooled. Whole ovaries also were obtained from monkeys undergoing ovarian stimulation. Additional whole ovaries were collected from monkeys experiencing spontaneous menstrual cycles around the expected time of the endogenous LH surge [27] . These ovaries were obtained before (n ¼ 2), during (n ¼ 3), 1 day after (n ¼ 2), and 2 days after (n ¼ 3) the LH surge as defined by serum estradiol, LH, and progesterone concentrations before and at the time of organ removal [28] . Monkey kidney tissue was obtained at necropsy.
Tissue Preparation
Monkey granulosa cells and oocytes were pelleted from follicular aspirates by centrifugation. Oocytes were mechanically removed, and a granulosa cellenriched population of the remaining cells was obtained by Percoll gradient centrifugation [28] . The viability of granulosa cell-enriched preparations averaged 76% as assessed by trypan blue exclusion. Cells either were used immediately for cell culture or frozen in liquid nitrogen and stored at À808C for preparation of total RNA or cell lysates. Whole stimulated ovaries were bisected, maintaining at least two periovulatory follicles greater than 4 mm in diameter on each piece. The pieces were covered with O.C.T. compound (Sakura, Tokyo, Japan), frozen in liquid propane, and stored at À808C. Natural cycle ovaries were fixed in 4% paraformaldehyde and embedded in paraffin. Monkey kidney tissue either was frozen in liquid propane and stored at À808C or fixed in 4% paraformaldehyde and embedded in paraffin.
Real-Time RT-PCR
PGE2 receptor mRNA levels were analyzed by real-time RT-PCR using a Roche LightCycler (Roche Diagnostics, Indianapolis, IN). Total RNA was obtained from granulosa cells using Trizol reagent (Invitrogen, Rockville, MD) treated with DNase and reverse transcribed as previously described [6] . PCR was performed using the FastStart DNA Master SYBR Green I kit (Roche) following the manufacturer's instructions and using 0.5 lM primers and 4 mM MgCl 2 . Primers were designed using LightCycler Probe Design software (Roche) based on the human or monkey sequences (Table 1 ) and span an intron whenever possible to prevent undetected amplification of genomic DNA. PCR products were sequenced (Microchemical Core Facility, San Diego State University, CA) to confirm amplicon identity. At least 5 log dilutions of the sequenced PCR product were included in each assay and used to generate a standard curve. The lower limit of detection of the assay (15 copies per 40 ng cDNA) was used for statistical analysis whenever amplification was not detected. For each sample, the content of each PGE2 receptor mRNA and beta actin mRNA (ACTB) was determined in independent assays. No amplification was observed when monkey cDNA was omitted. All data were expressed as the ratio of PGE2 receptor mRNA to ACTB for each sample. Intraassay and interassay coefficients of variation were less than 10%.
Immunofluorescent Detection of PGE2 Receptors
Frozen ovarian and kidney tissues were sectioned at 10 lm and fixed with buffered 10% formalin. After antigen retrieval using Antigen Retrieval Citra treatment (BioGenex Labs, San Ramon, CA), the sections were blocked with 5% nonimmune goat serum (Vector Laboratories, Burlingame, CA) in PBS containing 0.1% Triton (PBS-Triton). Sections then were incubated overnight with either rabbit anti-human polyclonal primary antibody against one of the PGE2 receptors (PTGER1 [1 lg/ml], PTGER2 [5 lg/ml], PTGER3 [2 lg/ml], PTGER4 [3 lg/ml]) or primary antibody plus blocking peptide (Cayman Chemicals, Ann Arbor, MI), followed by incubation with a Alexa Fluor 488-conjugated anti-rabbit secondary antibody (1:500; Molecular Probes, Eugene, OR). After incubation with 1% Sudan Black in 70% methanol, the slides were coverslipped using Vectashield medium (Vector Laboratories). All images were obtained using an Olympus BX41 fluorescent microscope fitted with a DP70 digital camera and associated software (Olympus, Melville, NY).
Paraffin-embedded ovarian and kidney tissue sections (5 lm) were deparaffinized, exposed to antigen retrieval as described above, and incubated with Image-iT signal enhancer (Molecular Probes). After exposure to 5% nonimmune serum block in PBS-Triton, sections were incubated with streptavidin and biotin (Vector Laboratories). After the overnight incubation with either primary antibodies against each PGE2 receptor (PTGER1 [3 lg/ml], PTGER2 [1 lg/ml], PTGER3 [3 lg/ml], PTGER4 [3 lg/ml]) or with primary antibody plus blocking peptide followed by biotinylated anti-rabbit secondary antibodies (1:200; Vector Laboratories), the sections were treated with Strepavidin-Alexa Fluor 488 (Molecular Probes) and then with 1% Sudan Black, coverslipped, and photographed as described above.
Western Blotting
Western blotting was performed as previously described [22] . Briefly, denatured granulosa cell lysates were loaded onto 4%-20% gradient polyacrylamide Tris-HCl gels (Bio-Rad, Hercules, CA). Proteins were transferred to polyvinylidene fluoride membranes (Imobilon; Millipore, Billerica, MA), and Western blotting was carried out with antibodies against PTGER1 (6 lg/ml), PTGER2 (5 lg/ml), and PTGER3 (4 lg/ml) and an antirabbit immunoglobulin G (IgG)-horseradish peroxidase-conjugated secondary antibody (1:10 000; Amersham, Piscataway, NJ). Bands were detected by enhanced chemiluminescence (ECL; Amersham). Blots then were stripped of primary and secondary antibodies following instructions provided by the membrane manufacturer, and Western blotting was performed on the stripped membranes using a mouse antitubulin primary antibody (1:1000; Sigma) and anti-mouse IgG-horseradish peroxidase-conjugated secondary antibody (1:20 000; Amersham). The molecular sizes of bands representing each PGE2 receptor and tubulin were determined by comparison to prestained standards (Bio-Rad). Films were scanned and analyzed densitometrically using SigmaGel software (Jandel Scientific, San Rafael, CA). The PGE2 receptor and tubulin protein contents for each sample were calculated based on standard curves PGE2 RECEPTORS IN PRIMATE GRANULOSA CELLS generated from four lysate dilutions. The PGE2 receptor content of each granulosa cell sample is expressed as a receptor:tubulin ratio.
Granulosa Cell Culture
Monkey granulosa cells were plated on 48-well or 96-well tissue culture plates or Lab-Tek chamber slides (Nalge Nunc International, Rochester, NY) coated with fibronectin (Sigma, St. Louis, MO) at a concentration of 10 000 cells per 100 ll medium. The cells were cultured in serum-free Dulbecco modified Eagle medium (DMEM)-Ham F12 medium containing insulin (2 lg/ ml), transferrin (5 lg/ml), selenium (0.25 nM), aprotinin (25 mg/ml), and human low-density lipoprotein (25 lg/ml) [29] .
cAMP Measurements
Cells were cultured with the PTGER2 agonist butaprost, the PTGER3 agonist sulprostone, PGE2, PGE2 plus the PTGER1/PTGER2 antagonist AH6809 (Cayman Chemicals), or no treatment (control). Media were stored at À208C until acetylated prior to assay for cAMP by enzyme immunoassay (Cayman Chemicals), which was performed and analyzed following kit instructions. The lower limit of detection (0.02 pmol cAMP/ml) was used for statistical analysis whenever cAMP levels were below detection. All cAMP levels were normalized to the protein content of cultured cells as determined by the bicinchoninic acid method (Sigma). Preliminary studies confirmed that media cAMP levels paralleled granulosa cell cAMP levels and that media cAMP accumulation was linear between 4 h and 24 h after agonist/antagonist addition (data not shown). For studies presented here, media for cAMP assay were collected 16 h after agonist/antagonist addition. Preliminary studies also demonstrated that vehicle (dimethyl sulfoxide [DMSO] 0.001%) did not affect cAMP accumulation. For each animal, data are presented as a ratio of agonist-stimulated cAMP level to the cAMP level in the untreated (control) cultures. were stimulated with PGE2 and imaged every 20 sec for 2 min. Finally, cells were exposed to the calcium ionophore calcimycin (Calbiochem, San Diego, CA); only cells with increased fluorescence after calcimycin treatment were included in quantitative analyses. A second culture of cells received 60-sec pretreatment with AH6809, after which PGE2 was added and the cells imaged as described above. Images of cells were obtained using a confocal microscope (Zeiss LSM-510; Carl Zeiss, Inc., Thornwood, NY) at absorption and emission wavelengths of 506 nm and 526 nm, respectively. For each treatment, 10 calcimycin-responsive cells were analyzed for fluorescence using MetaMorph software (Molecular Devices, Sunnyvale, CA), and [Ca 2 þ]i was calculated using the following formula: 
[Ca 2 þ]i Measurements
[Ca 2 þ]i ¼ Kd (Ca2þ) 3 (F À Fmin) / Fmax À F,
Data Analysis
All data were assessed for heterogeneity of variance and were logtransformed when Bartlett test yielded a significance of less than 0.05. Data presented in Figure 1 , C and D; Figure 4 ; and Figure 5 were log-transformed before further analysis. In all figures, untransformed data are presented. PCR and Western blot data were assessed by ANOVA. Data for cAMP and [Ca
were assessed by ANOVA with one repeated measure. In all cases, posthoc analysis was performed using Duncan multiple range test. In addition, PTGER2 levels at 0 h and 36 h were compared by two-tail t-test. Statistical analyses were performed using StatPak v4.12 software (Northwest Analytical, Portland, OR). Data are presented as mean 6 SEM, and significance was assumed at P , 0.05.
RESULTS
PGE2 Receptor mRNA Expression by Monkey Granulosa Cells
Monkey granulosa cell expression of PGE2 receptor mRNA was examined before and after administration of an ovulatory dose of hCG at times spanning the 40-h periovulatory interval in primates. PTGER1, PTGER2, PTGER3, and PTGER4 mRNA was detected in granulosa cells before (0 h) hCG administration (Fig. 1) . Levels of PTGER1, PTGER2, and PTGER4 mRNA did not change in response to hCG exposure. In contrast, PTGER3 mRNA levels were low before (0 h), elevated at 12 h, and remained elevated 24-36 h after hCG administration.
PGE2 Receptor Proteins in Monkey Granulosa Cells
PTGER1 protein was not detected in granulosa cells of monkey periovulatory follicles by immunofluorescence at 0 h and at 12 h after hCG ( Fig. 2A and data not shown) . There was sporadic PTGER1 fluorescence in granulosa cells of ovaries obtained 24 h after hCG, but PTGER1 was detected consistently in granulosa cells of ovaries obtained 36 h after hCG (Fig. 2, B and C) . PTGER1 detection was restricted to the extranuclear regions of granulosa cells. Ovarian stroma did not contain detectable PTGER1. PTGER1 immunofluorescence also was present in the monkey kidney (Fig. 2D) , confirming previous reports [15, 32] and serving as a positive control. PTGER1 was not detected when the primary antibody was omitted (data not shown) or preincubated with the blocking peptide (Fig. 2, C and D, insets) . PTGER1 was detected in monkey kidney lysates by Western blotting as a single band of 64 kDa, but PTGER1 was not detected in lysates of granulosa cells (data not shown).
The PTGER2 protein was detectable by immunofluorescence in the extranuclear region of granulosa cells of periovulatory follicles obtained 0, 12, 24, and 36 h after hCG (Fig. 2, E, F , and G and data not shown). PTGER2 
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immunofluorescence was not observed in ovarian stroma. Monkey kidney tissue exhibited low levels of PTGER2 protein detection (Fig. 2H) , as has been reported by others [15, 33] . As with PTGER1, PTGER2 immunofluorescence was absent when the primary antibody was omitted or preincubated with the blocking peptide (Fig. 2, G and H, insets, and data not shown). Western blotting using this PTGER2 antibody detected a single 52-kDa band in the lysates of granulosa cells obtained 0, 24, and 36 h after hCG (Fig. 3A) ; this band was eliminated when the primary antibody was preincubated with the blocking peptide (data not shown). While ANOVA showed a tendency for PTGER2 levels to increase with hCG exposure (P ¼ 0.07), PTGER2 levels increased between 0 h and 36 h as determined by t-test (P ¼ 0.02; Fig. 3C ).
PTGER3 was detected by immunofluorescence in granulosa cells of periovulatory follicles obtained 0, 12, 24, and 36 h after hCG; PTGER3 also was observed throughout the ovarian stroma (Fig. 2, I -K and data not shown). PTGER3 was localized to the extranuclear regions of granulosa and stromal cells. In the kidney, PTGER3 was detected in tubules (Fig. 2L) , as previously reported for other species [34, 35] . PTGER3 immunofluorescence was not present in granulosa cells when the primary antibody was omitted or preabsorbed with the blocking peptide (Fig. 2, K and L, insets, and data not shown). PTGER3 protein was detected in granulosa cells by Western blotting as multiple bands, with the strongest band at 65 kDa (Fig. 3B ). All bands were absent when blots were probed with primary antibody preincubated with the blocking peptide (data not shown). PTGER3 levels increased in response to hCG, with peak levels measured in granulosa cells obtained 36 h after hCG administration (Fig. 3D) .
PTGER4 protein was not detected by immunofluorescence in granulosa cells of periovulatory follicles obtained 0, 12, 24, and 36 h after hCG administration; PTGER4 was, however, consistently detected throughout the ovarian stroma (Fig. 2 , M-O and data not shown). As previously reported [15, 32, 35] , PTGER4 protein showed high levels of expression in kidney glomeruli (Fig. 2P) , which served as a positive control. PTGER4 immunofluorescence was not present when the primary antibody was preabsorbed or omitted (Fig. 2, O and P, insets, and data not shown). PTGER4 was not detected by immunofluorescence in monkey granulosa cells, so Western blotting for this PGE2 receptor was not performed. 
PGE2 RECEPTORS IN PRIMATE GRANULOSA CELLS
Immunofluorescent detection of PGE2 receptors in sections of monkey ovaries obtained during natural menstrual cycles showed a pattern similar to that obtained when using stimulated ovaries as described above (data not shown). PTGER1 was not detected in the granulosa cells of follicles obtained before or immediately after the ovulatory LH surge, but PTGER1 was present in granulosa cells of periovulatory follicles obtained on Day 1 and Day 2 after the LH surge. PTGER2 and PTGER3 were detectable in granulosa cells of periovulatory follicles obtained before and after LH surge. PTGER4 was low/ nondetectable in granulosa cells at all times examined. These data demonstrate that the expression and localization of PGE2 receptor proteins described above for stimulated monkey ovaries are consistent with PGE2 receptor localization and gonadotropin-regulated expression as seen in ovaries obtained during natural menstrual cycles.
Intracellular Signal Generation in Response to PGE2 Receptor Agonists
In order to determine which PGE2 receptors respond to PGE2 in a manner consistent with a role in ovulation, we examined the ability of each PGE2 receptor to respond to a receptor-specific agonist with the generation of an appropriate intracellular signal. Follicular PGE2 concentrations are elevated in response to gonadotropin 24-36 h after hCG administration [22] , and PGE2 is hypothesized to mediate the essential ovulatory effect of prostaglandins during this time interval. For this reason, the ability of granulosa cells to respond to PGE2 receptor agonists was examined specifically in granulosa cells obtained 24 h and 36 h after hCG administration. Because PTGER4 was not consistently detected in granulosa cells of ovaries obtained after controlled ovarian stimulation or during natural menstrual cycles, the ability of granulosa cells to respond via PGE2 receptors was examined only for PTGER1, PTGER2, and PTGER3.
cAMP Generation
To determine if stimulation of either PTGER2 or PTGER3 regulates cAMP levels via interactions with Gas or Gai, granulosa cells were cultured with PTGER2 and PTGER3 agonists. In granulosa cells obtained 24 h after hCG, the PTGER2 agonist butaprost did not increase cAMP to levels above those in controls (Fig. 4A) . Similarly, the PTGER3 agonist sulprostone did not alter cAMP levels in granulosa cells obtained 24 h after hCG administration. While stimulation of either PTGER2 or PTGER3 did not increase cAMP above control levels, addition of PGE2 to cultures of granulosa cells obtained 24 h after hCG increased cAMP levels 5-fold above levels measured in control cells. The ability of PGE2 to elevate media cAMP was abolished by co-incubation with the PTGER1/PTGER2 antagonist AH6809. In the same cells, treatment with butaprost plus sulprostone increased cAMP to levels that were not different from cAMP levels measured after stimulation with PGE2 (3.38 6 1.23 and 7.02 6 2.59 fold above control, respectively, n ¼ 3). In summary, these studies indicate that stimulation of either PTGER2 or PTGER3 did not increase intracellular cAMP in granulosa cells obtained 24 h after hCG. However, activation of both PTGER2 and PTGER3 with either PGE2 or the combination of butaprost and sulprostone was able to increase intracellular cAMP above control levels.
The ability of PGE2 receptor agonists to alter cAMP accumulation in granulosa cells obtained 36 h after hCG also was examined. Butaprost stimulated a 4-fold increase in cAMP, whereas sulprostone doubled cAMP levels compared with controls (Fig. 4B) . PGE2 treatment induced an 8-fold increase in media cAMP, which was eliminated by coincubation with AH6809. In the same cells, treatment with butaprost plus sulprostone yielded cAMP levels that were not different from PGE2-stimulated cAMP levels (5.64 6 1.98 and 6.12 6 1.98 fold above control, respectively, n ¼ 3). Therefore, stimulation of both PTGER2 and PTGER3 with either PGE2 or the combination of butaprost plus sulprostone also increased cAMP above the levels measured in control cultures. Most importantly, stimulation of either PTGER2 or PTGER3 resulted in significantly increased cAMP levels.
Intracellular Calcium
To determine whether PTGER1 stimulation leads to changes in granulosa cell [Ca 2 þ]i, response to treatment with PGE2 or PGE2 plus the PTGER1/PTGER2 antagonist AH6809 was assessed. Granulosa cells obtained 24 h after hCG administration failed to increase [Ca 2 þ]i in response to PGE2, but increased fluorescence was measured in response to calcimycin treatment (Fig. 5, A-C) . Treatment with PGE2 or PGE2 plus AH6809 did not alter [Ca 2 þ]i when compared to basal levels (Fig. 5G) .
In granulosa cells obtained 36 h after hCG, PGE2 treatment doubled [Ca 2 þ]i after 20 sec (Fig. 5, D and E) . As anticipated, this increase in [Ca 2 þ]i was transient and declined after the initial peak. However, by 120 sec after treatment [Ca 2 þ]i levels remained elevated above the levels in the same cells before the treatment. The PTGER1/PTGER2 antagonist AH6809 abolished the PGE2-stimulated increase in [Ca 2 þ]i (Fig. 5H) .
DISCUSSION
The present study is the first to examine the expression and function of all PGE2 receptors in primate periovulatory granulosa cells. Much attention has focused on the identification of PGE2 as the essential ovulatory PG as well as the ability of the ovulatory gonadotropin surge to increase granulosa cell expression of PG synthesis enzymes, resulting in peak follicular PGE2 levels just before follicle rupture [5] [6] [7] 36] . The data presented in this report suggest that the ovulatory gonadotropin surge also regulates the ability of granulosa cells to respond to PGE2 during the periovulatory period. Exposure to an ovulatory dose of hCG increased granulosa cell expression of PTGER2, PTGER3, and, possibly, PTGER1 receptors. In addition, granulosa cells obtained 24 h after hCG administration did not respond to stimulation of PTGER1, PTGER2, or PTGER3 with altered intracellular signals; granulosa cells obtained 36 h after hCG responded to agonists specific for these three PGE2 receptors. Taken together, these data support the hypothesis that the ovulatory gonadotropin surge increases PGE2 receptor expression by granulosa cells to achieve peak granulosa cell response to PGE2 in the hours just before ovulation.
In the present study, mRNA for PTGER1, PTGER2, PTGER3, and PTGER4 was detected in the granulosa cells of monkey periovulatory follicles before and after hCG administration. Studies by others have shown that mRNA for PTGER1, PTGER2, and PTGER4 are expressed in either freshly isolated or long-term cultured human luteinizing granulosa cells [21, 37] ; PTGER3 expression in human granulosa cells has not been reported. In bovine cumulus granulosa cells, expression of PTGER2, PTGER3, and PTGER4 mRNA has been detected [38, 39] . Reports of subfertility in PTGER2 knockout mice [17] focused attention on PTGER2 expression and function in rodent granulosa cells [40] . However, recent detection of PTGER2 and PTGER4, but not PTGER1 and PTGER3, mRNA in mouse granulosa cells supports the hypothesis that multiple PGE2 receptors mediate the ovulatory effects of PGE2 [16] . Clearly, granulosa cell PGE2 receptor expression differs between species. These data, combined with our detection of mRNA for all PGE2 receptors in primate granulosa cells, suggest that the ovulatory effects of PGE2 may require multiple PGE2 receptors.
The present study also demonstrates that primate granulosa cells express PTGER1, PTGER2, and PTGER3 proteins. Granulosa cell levels of PTGER1 were too low for detection by Western blotting, which is consistent with previous reports that PTGER1 levels are very low except in epidermis, kidney, and cell lines transfected to express abundant PTGER1 [41, 42] . However, consistent immunofluorescent detection of PTGER1 in granulosa cells obtained 36 h after hCG but low/ nondetectable PTGER1 in granulosa cells obtained 0-24 h after hCG suggests that the levels of PTGER1 in granulosa cells may increase in response to the ovulatory gonadotropin surge. PTGER2 and PTGER3 both were detected in granulosa cells obtained before and at all times after hCG administra- tion. Granulosa cell levels of PTGER2 increased in response to hCG despite unchanged levels of PTGER2 mRNA, whereas levels of both PTGER3 mRNA and protein increased in response to hCG administration. Levels of PTGER2 and PTGER3 receptor proteins peaked 36 h after hCG administration, just before ovulation. Interestingly, PTGER4 protein was not detected in monkey granulosa cells, despite the presence of PTGER4 mRNA at every timepoint examined. To our knowledge, this study represents the first examination of PGE2 receptor proteins in primate granulosa cells. Our data indicate that the ovulatory gonadotropin surge stimulates granulosa cell expression of at least two, and possibly three, PGE2 receptors to achieve maximal receptor concentrations just before ovulation, when follicular PGE2 levels reach their peak.
The PGE2 receptors that mediate the ovulatory PGE2 signal in primates have not been identified. Mice lacking expression of PTGER2 have decreased ovulation and fertilization efficiency [17, 19] . In contrast, deficiencies of PTGER1 and PTGER3 expression did not negatively impact reproductive function [17] [18] [19] 43] . In the primate periovulatory follicle, PGE2 begins to accumulate in follicular fluid 24 h after hCG administration and reaches peak levels 36 h after hCG, or just before ovulation [5] [6] [7] 22] . Therefore, the PGE2 receptors that mediate the ovulatory PGE2 signal should be both present on granulosa cells and capable of intracellular signal generation 24-36 h after hCG administration. The present study demonstrates that primate granulosa cells have PTGER1, PTGER2, and PTGER3 receptors available to mediate the ovulatory effects of PGE2. Therefore, additional studies were performed to determine which PGE2 receptors were capable of transducing the PGE2 signal during this period of elevated PGE2 that precedes primate ovulation.
PTGER1 couples with Gaq to activate phospholipase C and produce inositol trisphosphate, which increases [Ca 2 þ]i by releasing calcium from intracellular stores [11, 14] PTGER2 couples with Gas and activates adenylyl cyclase to stimulate cAMP production [14] . While granulosa cells obtained 24 h after hCG expressed PTGER2, the PTGER2-specific agonist butaprost did not increase intracellular cAMP. In contrast, stimulation of PTGER2 with butaprost increased cAMP levels above control levels in granulosa cells obtained at 36 h; these cells also had the highest levels of PTGER2 protein. The PTGER1/PTGER2 antagonist AH6809 reduced or abolished PGE2-stimulated cAMP production. Because PTGER1 receptors couple exclusively to Gaq, these data support the conclusion that PGE2 stimulates adenylyl cyclase activity at least partially through the PTGER2 receptor. While PGE2 may be more efficacious than butaprost as a ligand for the monkey PTGER2 receptors, PGE2 also may act through other PGE2 receptors in addition to PTGER2 to achieve maximal cAMP production. Taken together, our data are consistent with studies in mouse and human granulosa cells [16, 21] and demonstrate that primate periovulatory granulosa cells express functional PTGER2 receptors. These data also support the hypothesis that primate granulosa cells respond to stimulation of PTGER2 receptors with increased cAMP at 36 h, but not 24 h, after hCG, or just before ovulation.
PTGER3 receptors in monkey granulosa cells couple primarily, if not exclusively, with Gas. Numerous isoforms of PTGER3 have been characterized to date [45] . The PCR primers used in this study were designed to detect all 10 known human PTGER3 mRNA splice variants, and Western blotting consistently identified multiple PTGER3 isoforms in monkey periovulatory granulosa cells. PTGER3 receptors, which couple to Gai and Gaq, have been reported in human cells [46] . Granulosa cells obtained 24 h after hCG did not alter intracellular cAMP in response to sulprostone, the PTGER3-specific agonist. In granulosa cells obtained 36 h after hCG administration, treatment with sulprostone increased cAMP, suggesting that one or more PTGER3 isoforms couple with Gas in primate granulosa cells. Additionally, sulprostone did not decrease basal or butaprost-stimulated cAMP, so it is unlikely that PTGER3 couples with Gai in these cells. As discussed above, PTGER3 receptors coupled with Gaq were not deteceted in monkey granulosa cells. Therefore, granulosa cells likely respond to the ovulatory gonadotropin surge with an increase in the expression of Gas-coupled PTGER3 receptors, with PGE2 acting in part via PTGER3 to increase cAMP production late in the periovulatory interval.
These studies focused on the expression and activity of PGE2 receptors in granulosa cells. Follicular aspirates used for detection of mRNA and proteins by Western blotting likely contain primarily mural granulosa cells, with some cumulus cells present. However, immunofluorescent detection of PGE2 receptors in tissue sections was restricted to mural granulosa cells, as the large size of the macaque follicle results in very few tissue sections containing a portion of the cumulus oocyte complex. While PTGER3 and PTGER4 were detected in ovarian stroma, localization to theca cells was not performed. Monkey theca cells do not exist as a multicell layer but instead are present sporadically outside the granulosa cell basement membrane [47] , so PGE2 receptor expression cannot be confirmed for theca cells using the data presented here. Future studies will be required to examine PGE2 receptor expression by these important follicular cell types.
In summary, this study is the first to demonstrate expression and function of three distinct PGE2 receptors in primate periovulatory granulosa cells. Exposure of granulosa cells to an ovulatory dose of hCG increased levels of PTGER2, PTGER3, and, possibly, PTGER1 receptor proteins; granulosa cells responded to stimulation of each of these PGE2 receptors with increased intracellular signal generation only just before ovulation. These PGE2 receptors may regulate different intracellular events, suggesting that PGE2 may use multiple pathways to stimulate periovulatory events in primate granulosa cells. The present data support the hypothesis that the ovulatory gonadotropin surge increases the expression and function of PGE2 receptors as well as PGE2 levels within the follicle. Both PGE2 levels and PGE2 receptor responses peak just before ovulation, ensuring the maximal ovulatory effect of PGE2. 
